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Design and engineering of silk fibroin scaffolds with
biomimetic hierarchical structures†
Hui Wang,ab Xiang Yang Liu,*ad Yon Jin Chuah,c James C. H. Goh,c Jing Liang Lia
and Hongyao Xud
Silk scaffolds having biomimetic hierarchical porous structures
were achieved by carefully tuning liquid–liquid separation in
regenerated silk fibroin solutions. Such scaffolds show greatly
enhanced cellular responses.
In recent years, the fabrication of three dimensional (3D) polymeric
scaffolds has turned out to be one of the crucial steps in tissue
engineering to provide the vital framework for the seeded cells to
organize into a functioning tissue.1 To date, Bombyx mori silk, a sort
of fibril protein, has been attracting much attention in 3D polymeric
scaffold fabrication, due to its biocompatibility, minimal inflamma-
tory reaction, robust biomechanical features, and relatively slow
biodegradation as well as sufficient supply based on the established
mature sericulture industry.2 So far, the critical effect of pore
architecture in silk-based 3D scaffolds on the cell response has
been assessed to some extent.3 Although there is no general
consensus as to what the optimal pore size for the cell growth
and tissue formation is, it is commonly believed that the pores of
100–200 mm will improve the cells and bone in-growth, and the
pores of several micrometers support osteoblasts migration and give
rise to a higher rate of mineralization.3,4 Furthermore, how to
design and fabricate the scaffolds that are both porous and
mechanically strong is a challenge as the two go in the opposite
direction. In this regard, the scaffolds of a single dispersion of pore
sizes are of such a common dilemma. Hopefully, the scaffolds
having multiple pore size distribution may balance the two opposite
effects. Note that bone exhibits an assemblage of multi-level pores,
macro to micro, for establishment of multiple functions. This
includes achieving a strong mechanical strength, accommodating
abundant blood vessels and marrow, and transporting nutrients
and oxygen.5 Based on the inspiration of bone, we expect to design
and produce 3D silk scaffolds with multi-level porous structures so
as to acquire the optimal biological and mechanical performance.
The freeze drying technique (path i) ii) iii) shown in (Fig. 1)
turns out to be one of the most popular fabrication techniques of 3D
silk scaffolds due to its biofriendly nature and the ease of treatment.3
Note that for the normal freezing drying process, the pores in the
scaffolds were generated by ice crystallite templates, but the pore
size is usually single-dispersed at a fixed temperature. In this study,
we will combine the freeze drying technique with the following
Fig. 1 Schematic illustration of processing stages in the formation of calcium
induced porous silk scaffolds. (i) ) (iii) Normal freeze drying process to produce
the monopore sized scaffold. (i0) ) (iii 0) Ca2+ induced multiphase freeze drying
process to produce the multipore sized scaffold.
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materials engineering strategy: (1) to create multiscale freezing
compartments in a silk fibroin solution (i0 ) ii0 in Fig. 1), we
promote the phase separation of the silk fibroin solutions by adding
an electrolyte. It follows from the binodal behavior that for the two
coexistence phases, one will be highly dispersed in the other phase
of protein solutions. According to the nucleation theories,6,7 the
number and the size of the highly dispersed phase are determined
by the nucleation rate J (eqn (1) and (2), ESI†). Obviously, for a given
system, a higher nucleation rate, which can be achieved at a high
thermodynamic driving force, will give rise to smaller dispersed
droplets. The change of the silk fibroin concentration can tune the
nucleation rate. On the other hand, the addition of Ca2+ will greatly
alter the phase boundary, consequently the thermodynamic driving
force effectively. Based on this principle, we should be able to tune
the size and size distribution of the dispersed silk fibroin droplets
by the concentrations of electrolytes and silk fibroin and other
stimuli.8 The freezing of the multiphase solutions will give rise to
the formation of multiscale ice crystallites (ii0 ) iii0 in Fig. 1). The ice
crystallites formed in the ambient phase will be bigger and the size
can be tuned by the freezing temperature and the freezing rate,
while in the highly dispersed liquid droplets, the size of ice crystal-
lites will be confined by the size of liquid droplets.7,9 The ice
templates created in this process should be of multilevel sizes. As
can be seen, we fully take advantage of the liquid–liquid phase
separation of protein solutions in the materials engineering.
As is well known, Ca2+ ions play an important role in controlling
the interactions of proteins.10 In this study, Ca2+ ions were intro-
duced into a regenerated silk fibroin (RSF) solution to create multi-
phase solutions. Ca2+ ions can strongly bind to the opposite charges
or dipoles of silk fibroin molecules at the electrostatic double layer,
to reduce the zeta potential (Fig. 2A). This leads to the aggregation of
fibroin molecules, giving rise to the liquid–liquid (L–L) phase
separation: a highly dispersed dense proteinaceous phase and a
dilute phase (step (i0) in Fig. 1). These two liquid phases can be
identified by the change from a clear RSF solution to a translucent
solution immediately after adding Ca2+, causing the enhancement of
light scattering (Fig. 2A). The optical density (OD) increased signifi-
cantly with increasing Ca2+, and levelled off when the concentration
of Ca2+ is higher than 10 mmol L1 (Fig. 2A). Fig. 2B shows that the
size of liquid droplets (or ‘‘particles’’) in the RSF solutions increased
with the concentration of Ca2+ from 0 to 15 mmol L1 but decreased
at 20 mmol L1, and the size distribution changed from a narrow
state to a broader state. This implies that fibroin molecules aggrega-
tion might be interrupted by strong electrostatic repelling interaction
due to high charge density of Ca2+. Note that such a level of Ca2+
concentration is insufficient to cause the conformational transition
of silk fibroin immediately, and only induces the protein molecules
aggregation which is confirmed by circular dichroism (CD) spectra
and fluorescence spectra (Fig. S1, ESI†). All the spectra show the
unchanged characteristic feature of random coils with increasing
Ca2+ concentration.11 In the subsequent freezing process (ii0 ) iii0
in Fig. 1), the bigger ice crystals form in the dilute silk fibroin
phase, whereas the microice crystallites are created from the highly
dispersed proteinaceous phase. The ice templates of multi-scale are
removed during the freeze-drying process, which gives rise to the
formation of the multiscale pores structure (iii0 ) iv0 in Fig. 1).
The morphology of calcium incorporated silk fibroin scaffolds
(Ca/SFSs) is shown in Fig. 2C, together with those acquired from the
conventional freeze-drying technique using pure silk fibroin (SFSs,
as control). The pores in SFSs formed by slow cooling (20 1C) show
the smooth but not interconnected walls (Fig. 2C1 and C2). Such
pores may prevent cells from moving freely in and/or out. The pore
size distribution displays a broadly dispersed peak around 100 mm
(Fig. 2D1). In contrast, the morphology of Ca/SFSs exhibits on one
hand the pores similar to those in SFSs (Fig. 2C3), which are mainly
to accommodate cells in tissue engineering. On the other hand, the
numerous tiny micropores (1–20 mm) are found on the walls around
the bigger pores. These tiny pores can improve the interconnectivity
across the big pores (Fig. 2C4). These tiny pores will facilitate greatly
the materials exchange between the bigger pores. The pore size
distribution of Ca/SFSs displays double peaks with two magnitude
differences, one peak at B90 mm, while another peak at B10 mm
(Fig. 2D2). This strongly indicates the formation of two distinct levels
of pore structures in Ca/SFSs. The same structures of Ca/SFSs and
SFSs are found everywhere in the scaffolds, expect for a thin layer
formed on the bottom surface of scaffolds (Fig. S2, ESI†).
The Fourier transform infrared (FTIR) spectra of both SFSs and
Ca/SFSs show fibroin peaks at 1620 and 1516 cm1 (Fig. S3A, ESI†),
assigned to b-sheets.12 They confirm that the Ca2+ does not change
obviously the dominant secondary structure in the silk scaffolds before
freezing, indicating that the incorporation of Ca2+ modifies mainly the
morphological structure of Ca/SFSs. The compression testing reveals
that the Ca2+ ions incorporation does not jeopardize obviously the
mechanical performance of the silk scaffolds (Fig. S3B, ESI†), although
Ca/SFSs are a bit weaker than SFSs, which can be attributed to the
occurrence of the smaller pores in the walls of Ca/SFSs. Noticeably, the
Ca/SFSs modulus (4.89  1.16 MPa) is greater than some reported
silk-based scaffolds (0.07–3 MPa),13 even though they were prepared
by using a lower concentration of RSF solution (3.5 wt%).
Fig. 2 (A) The influence of Ca2+ ions on physical states, optical density and zeta
potential of the RSF solution. (B) High Performance Particle Sizer (HPPS) measure-
ment (size distribution by volume) of RSF solution with 0, 5, 10, 15, 20 mmol L1
Ca2+ ions. (C) SEM micrographs of SFSs (C1, C2) and Ca/SFSs (C3, C4). (D) The pore
size distribution of pure SFSs (D1) has a broad peak centered at B100 mm, and Ca/
SFSs (D2) has two distinct levels of pore structure peaks, tiny micropores (1–20 mm)
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Finally, we aimed to assess whether the multi-level pore
architecture in silk scaffolds could improve human bone marrow-
derived mesenchymal stem cells (HMSCs) responses for its
potential tissue engineering and biomedical applications. In
comparison with SFSs, HMSCs on Ca/SFSs after 1 day of cell
culture show a much higher degree of spreading (Fig. 3A), and
formed the cellular extension to bridge the adjacent micro
pores. After 7 days, the morphologies of HMSCs grown on the
Ca/SFSs show a much thicker attachment. After 14 days,
HMSCs formed the cell sheets and extracellular matrices
(ECM), concealing the porous structures of both SFSs and
Ca/SFSs. MTT assay was employed to evaluate the viability of
HMSCs cultured on different scaffolds (Fig. 3B). Ca/SFSs show a
significant enhancement compared with SFSs (p o 0.05). This
result clearly indicates that the tiny pores on the walls of the
bigger pores within the Ca/SFSs may help the cells proliferation
outwards, allowing more and more cells to grow in a congenial
environment. This leads to fewer dead cells in the initial growth
phase due to overcrowding. Osteoblastic differentiation was
further assessed by measuring mRNA expression for alkaline
phosphatase (ALP), type I collagen (Col I) and osteocalcin (OCN)
via the reverse transcription-polymerase chain reaction
(RT-PCR) (Fig. 3C). After 14 days of osteogenic culture, all three
osteogenic markers were significantly up-regulated in Ca/SFSs
compared with SFSs (p o 0.05). These results suggest that
differentiation and maturation of HMSCs to the osteoblastic
phenotype has indeed been improved by Ca/SFSs. To exclude
the possibility that cell differentiation was induced by Ca2+
stimulation from scaffolds, we monitored the Ca2+ releasing
process from scaffolds. At the first day, the dissolution of Ca2+
from the Ca/SFSs reaches a saturated state, and Ca2+ ions will
not be released further in the remaining period of cell culture
(Fig. S3C, ESI†). Based on the fact that the culture medium was
changed every three days, the improved HMSCs response is
mainly attributed to the multi-level pore structures in Ca/SFSs,
rather than the dissolution of Ca2+ into the culture medium.
It is capable of providing an environment suitable for cell
attachment, growth and osteogenesis of HMSCs. These
findings clearly demonstrate the crucial role of the micropores
on the walls around the bigger pores and highlight an important
asset of silk fibroin scaffolds with a multi-level porous architecture
presented in this communication.
In summary, we have designed and fabricated 3D silk fibroin
scaffolds with multi-level porous structures by taking advantage of
the L–L phase separation of RSF solutions by introducing Ca2+.
Furthermore, it was found that tiny pores on the bigger pore walls
play a significant role in HMSCs attachment, proliferation, and
differentiation, without weakening the mechanical performance of
the scaffolds. The relative simple methodology and the outstanding
performance of the multi-level porous silk scaffolds suggest that
Ca/SFSs may provide excellent 3D scaffolds for bone and hard
tissue engineering applications.
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Fig. 3 (A) SEM micrographs showing adherence, growth, and cell sheet
formation by HMSCs cultured on SFSs and Ca/SFSs for 1, 7 and 14 days. (B) Cell
proliferation on SFSs and Ca/SFSs for 1, 7 and 14 days. (C) The bone-related gene
expression of ALP, COLI and OCN by HMSCs cultured on the SFSs and Ca/SFSs for
14 days. Levels, quantified using RT-PCR, are normalized to the housekeeping
gene, GAPDH. *Significant difference between two groups at p o 0.05.
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